A photochemical process for controlling block copolymer (BCP) domain orientation in an area selected manner is described. Polymers with photoswitching surface energy, used as interfacial underlayers adjoining the BCP layer, were synthesized with photoacid labile monomers. The interfacial polymers were designed to be either inherently neutral or preferential to poly(styrene-block-4-trimethylsilylstyrene). Through patternwise exposure to 193nm light and subsequent reaction with photogenerated acid, the wetting characteristics of the underlayer material can be switched from neutral to preferential (N2P) or preferential to neutral (P2N). Thermal annealing of the BCP confined between a patterned N2P or P2N substrate and a neutral top coat results in alternating areas of perpendicular and parallel BCP domains within the same film. If adapted in tandem with directed self-assembly, this approach could enable new routes to customizable patterns for advanced microelectronics and memory devices.
Introduction
Block copolymers (BCPs) are being investigated for applications in sub-10 nm lithography since they can self-assemble into domains smaller than the resolution limit of conventional high-volume patterning techniques [1] . Their implementation into lithographic applications requires precise control of domain orientation because perpendicular domains facilitate pattern transfer during etch processing. Furthermore, the lateral alignment of BCP domains into device oriented structures, or directed self-assembly (DSA), must be tailored for different applications in the semiconductor and data storage industries. For example, lamellar-forming BCPs are useful for patterning both FinFETS [2] and bitpatterned media [3] but the targeted lateral arrangement of DSA patterns and associated processing protocols can vary significantly.
Strategies that enable new levels of versatility in controlling self-assembly will be enabling for broad implementation of BCP patterning technology. BCP domain orientation can be controlled by tuning the interfacial interactions between the BCP and both the substrate [4] [5] [6] and free surface [7, 8] using polymeric substrate treatments and top coats. Non-preferential interactions between each block of the BCP and the adjoining interfaces (referred to as a neutral interface) promote a perpendicular orientation of BCP domains whereas preferential interactions drive a parallel orientation of domains. For lamellar BCPs, only perpendicular domains are attractive for transferring patterns into a substrate. However, in order to achieve high fidelity pattern transfer, there must be significant etch contrast between the BCP domains [9] . BCPs that contain inorganic components [10] [11] [12] [13] such as silicon are inherently etch resistant and are ideal candidates for BCP lithography.
Custom and complex BCP patterns are necessary to meet desired device architectures. For example, semiconductors require isolated and discontinuous lines whereas data storage requires well-defined servo regions with selected areas of densely patterned bits of data [14] .In previous reports, this was addressed by blocking the pattern transfer of perpendicular domains in select regions using inorganic resists [15, 16] .In this work, we report a strategy to control the orientation of BCP domains in area selected regions with parallel and perpendicular orientation in one lithographic step using directly photopatternable interfaces.
Two distinct photopatterning strategies were developed. In the first method, the polymeric surface treatment is inherently neutral to poly(styrene-b-4-trimethylsilylstyrene) (PS-PTMSS). Upon exposure to catalytic amounts of photoacid, the surface chemistry changes from neutral to preferential (N2P). Thus, perpendicular BCP domains are obtained in areas that were not exposed to photoacid. In the second method, the surface treatment is preferential. However, upon exposure to photoacid, the surface changes from preferential to neutral (P2N). This results in perpendicular domains over only those areas exposed to photoacid. In both methods, spatial control over parallel and perpendicular domains is achieved in an area selected manner. The parallel domains should block pattern transfer and coupled with DSA, should enable customizable pattern transfer.
Experimental 2.1 Materials
Poly(styrene-block-4-trimethylsilylstyrene) (PS-PTMSS) was synthesized and fully characterized in previous reports [8, 12] . The photopatternable interfaces were fully characterized in previous work [17] . Characterization of the top coats can be found in other manuscripts [7, 8] .
193 nm Interferometric Exposure Tool
The exposure source was a solid-state 193 nm laser. A full description of the tool can be found elsewhere [18] . The pitch of the line/space pattern was set at 400 nm using a variable angle prism. The ratio of the exposed to unexposed areas was 1:1.
Sample Preparation
Samples were prepared by grafting the photopatternable polymers to the surface of a silicon wafer previously modified with aminopropyltriethoxysilane (APTES) and the methods were the same as previously reported [17] except for the following modifications: During the underlayer grafting procedure, each polymer film contained 10 wt% triphenylsulfonium nonaflate (relative to the polymer mass). Samples were exposed with a dose of approximately 1-5 mJ/cm 2 .
A postperformed. Subsequently, a layer of PS-PTMSS was coated at a thickness of 22 nm (1 L 0 ). A neutral top coat was applied and the sandwiched 10 minutes. The top coats were removed by immersion in TMAH (0.26 N) and the uncovered BCP films were rinsed with water and IPA. Samples were etched and imaged under the same conditions as previously reported [19] .
IR Study
An IR study was performed using blanket exposures. The exposure source for the IR study was an EXFO Novacure 2100. Film thicknesses were approximately 350 nm, and exposure doses were approximately 5-15 mJ/cm 2 .
Results and Discussion

Photochemistry
The photopatternable interfaces were composed of maleic anhydride, 4-tertbutoxystyrene, and 3,5-di-tert-butylstyrene as shown in Scheme 1. The 4-tert-butoxy monomer is known to be photoacid labile [20] . The reaction with photoacid cleaves the hydrophobic tert-butyl group and deprotects to yield a hydrophilic phenol. By controlling the polymer composition, the relative amount of polarity-switch can be tuned. Surfaces that are either inherently neutral or preferential were prepared and the wetting behavior was characterized according to island/hole tests [21] [22] [23] . In PS-PTMSS, PTMSS is the more hydrophobic domain and PS is more hydrophilic. Therefore, after deprotection, a neutral polymer in the N2P strategy becomes preferential to PS. For the P2N strategy, the polymer is initially preferential to the PTMSS domain and becomes neutral upon exposure to photoacid. . Further support is given by the presence of a broad peak at 3500 cm -1 due to the OH stretch (not shown). These values are in good agreement with literature reports [24] .
Photopatterning the Interfaces
The interfaces were patterned using 193nm interference lithography. Figure 2 shows a schematic of the processing steps. First, the polymers shown in figure 1 were chemically grafted (with photoacid generator in the formulation) to an APTES-modified substrate. Next, the surface was exposed with a 400 nm line/space pattern to generate acid in 200 nm wide areas. A post-exposure bake was applied to complete the N2P or P2N reaction. Ungrafted polymer was removed with THF. The BCP was spin coated at 1 L 0 (22 nm) thickness. A neutral top coat (TC) was applied, and the film stack was Figure 1 . Illustration of the photopatterning process. Spatial control of perpendicular domains is controlled in unexposed areas (top) and exposed areas (bottom). PS and PTMSS are depicted as the blue and red domains, respectively. allowed the BCP to self-assemble into its preferred structure. Finally, the TC was stripped with TMAH, etched, and imaged with a scanning electron microscope. Figure 3 shows the final results of annealing the BCP in the presence of surfaces with patterned wettability according to the process in figure 2 . In the top SEM, the BCP was annealed between a neutral top coat and patterned N2P substrate surface. In the unexposed areas, both the top and bottom interfaces are neutral, which results in a perpendicular orientation of BCP domains. However, in the exposed regions, the bottom interface is preferential to PS. This causes the BCP to adopt a parallel domain orientation. Alternating areas of parallel and perpendicular domains, 200 nm in width, were observed. The interface between perpendicular domains and parallel domains are much sharper than previously reported because the exposure tool is much more sophisticated [17] . The fact that the areas are well defined is encouraging for device patterning applications. The bottom SEM of figure 3 shows the results of the P2N process. Similarly to the N2P process, alternating areas of perpendicular and parallel domains are observed. However, in this case, the surface treatment is inherently preferential to the PTMSS domains. In the unexposed regions, a parallel orientation of domains is adopted. However, in the exposed regions, the surface becomes neutral and the BCP domains are perpendicularly oriented to the surface. In the P2N process, the exposed and unexposed regions are distinct but the interface between the areas is less sharp relative to the N2P process. We speculate that this is due to the strength of the polarity switch. In the N2P process, the surface treatment contains 50% tert-butoxystyrene, which results in a large polarity switch after deprotection to form a highly preferential material. In the P2N process, the surface treatment contains only 24% tert-butoxy styrene and it is only slightly preferential to the PTMSS domain before photoexposure. The chemical contrast between the exposed and unexposed regions may not be as large in the P2N process compared to the N2P process. We hypothesize that sharper interfaces would be observed if the P2N process used a material that yielded larger chemical contrast between exposed and unexposed areas. Synthesis of materials that would enable a larger chemical contrast is the subject of future work.
Orientation Results
Conclusions
In this work, we combined 193nm lithography to photopatternable interfacial layers that can switch their wettability properties. In two separate strategies, we demonstrated that area selected perpendicular domains could be obtained in either exposed or unexposed regions. This offers the ability to fully control the spatial orientation of domains within desired regions of a BCP film. We believe that these strategies can be applied in tandem with DSA methods to create custom patterns for advanced microelectronics and memory devices.
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